Aims/hypothesis Both inherited and acquired insulin resistance have been associated with abnormal muscle mitochondrial function. At whole-body level, maximal oxygen uptake (V : O 2max ) and/or metabolic flexibility (as given by ΔRQ) reflect certain features of mitochondrial function. This study tests the hypotheses (1) that V : O 2max and ΔRQ correlate tightly with each other and with insulin sensitivity and (2) that glycaemia, lipidaemia or subclinical inflammation would explain such relationships. Methods Near-normoglycaemic individuals with type 2 diabetes mellitus (n = 136) with a short known disease duration (<12 months) underwent cycling spiroergometry, indirect calorimetry and hyperinsulinaemic-euglycaemic clamp tests. Results Both V : O 2max (r = 0.39, p < 0.0001) and ΔRQ (r = 0.32, p < 0.0001) correlated positively with whole-body insulin sensitivity, even after adjusting for anthropometric variables, glycaemia and glucose-lowering medication, but not after adjusting for NEFA. V : O 2max further correlated negatively with circulating high-sensitivity C-reactive protein concentration. However, V : O 2max did not relate to ΔRQ, even after adjusting for whole-body insulin sensitivity. 
Introduction
Muscle insulin resistance results from inherited and acquired abnormalities. The latter comprise excess lipid availability with activation of the diacylglycerol-protein kinase C pathway [1] abnormalities in mitochondrial function [2] and glucose toxicity, at least in individuals with overt type 2 diabetes mellitus.
'Metabolic flexibility' defines the ability to switch from lipid to glucose oxidation during insulin stimulation as measured by an increase in the RQ (ΔRQ) [3] . On the other hand, maximal oxygen uptake (V : O 2max ) during exhaustive physical activity corresponds to muscle mitochondrial oxidative capacity, as reflected by ADP-stimulated oxidative phosphorylation at submaximal energy demand during exercise [2] . Whether the impaired metabolic flexibility in type 2 diabetes results from disturbed mitochondrial oxidation rather than from diminished muscle glucose uptake is as yet unclear. If impaired metabolic flexibility is the result of impaired mitochondrial oxidation, ΔRQ should correlate with V : O 2max , as demonstrated for muscle ATP synthase flux and phosphocreatine recovery [4] . A lower ΔRQ could also reflect impaired insulinmediated suppression of lipolysis in adipose tissue, leading to ectopic fat deposition and insulin resistance [5] .
We examined a larger cohort of near-normoglycaemic participants with type 2 diabetes mellitus and a known disease duration of less than 12 months to test the hypothesis that V : O 2max and ΔRQ tightly correlate both with each other and with insulin sensitivity.
Methods

Study design
Individuals aged 18-69 years were recruited from the prospective German Diabetes Study (GDS) within the first year of their diagnosis of type 2 diabetes [6] . They consented to the trial protocol (ClinicalTrial.gov registration no. NCT01055093) which was approved by the ethics board of Heinrich-Heine University Düsseldorf. We included 136 participants for whom cycling spiroergometry, indirect calorimetry and clamp data were available.
Spiroergometry
Each participant performed an incremental exhaustive exercise test on a cycle ergometer (Ergoline Ergometrics 900 Bitz Germany) at 60 revolutions/min 1 h after a standardised meal. Respiratory gas exchange was measured by open-air spirometry (MasterScreen CPX; Jäger/Viasys, Hoechberg, Germany).
Indirect calorimetry
Resting energy expenditure (REE) and RQ were calculated from O 2 consumption and CO 2 production using an automated respiratory gas analyser with a ventilated hood system and Vmax Encore 29n (CareFusion, Hoechberg, Germany). The RQ was measured as the quotient V : CO 2 /V : O 2 at rest and during the last 30 min of the clamp. The ΔRQ is given as the increase in RQ during the clamp [3] .
Hyperinsulinaemic-euglycaemic clamps
All participants refrained from strenuous physical activity and withdrew their diabetes medication for 3 days, alcohol consumption for 24 h and food intake for 10-12 h prior to the modified Botnia clamp test combined with [6, H]glucose infusion [6] . Whole-body insulin sensitivity was assessed as the M value, given by the difference between mean glucose infusion rate during the last 30 min of the clamp and the glucose space correction, calculated as (G 180 -G 150 )/30, with G 180 and G 150 representing the glucose levels at 180 and 150 min, respectively.
Laboratory analyses All measurements were carried on the first study day in participants who had fasted for 10-12 h [6] . Blood glucose concentration was measured by the hexokinase method (EPOS 5060 analyser; Eppendorf, Hamburg, Germany), serum concentrations of insulin and C-peptide chemoluminimetrically, NEFA microfluorimetrically [1] (n = 78), triacylglycerols on a Cobas C311 analyser (Roche Diagnostics, Mannheim, Germany), and high-sensitivity C-reactive protein (hsCRP) on a Roche Hitachi 912 analyser (Roche Diagnostics, Mannheim, Germany). Explorative genotyping for single-nucleotide polymorphisms (SNPs) of genes known to affect mitochondrial function and/or insulin sensitivity (PPARG, NDUFB6, PGC1α [also known as PPARGC1A], PPARA, ADRB2 and FTO) was performed in 134 participants (see electronic supplementary material [ESM]). Hepatic steatosis was assessed using the fatty liver index (FLI), a validated surrogate of liver fat content.
Statistical analyses
Data are presented as means and SDs or medians (25th/75th percentiles) as appropriate. Variables with a skewed distribution (M value, insulin and triacylglycerols) were log-transformed before analysis. The logit transformation [logit(x) = log e (x/1-x)] was applied to the FLI. Pearson correlation analyses, adjusted for sex, were used to study associations between V : O 2max , ΔRQ, M value, C-peptide concentration and anthropometric variables. Multiple regression analyses were carried out to adjust for potential confounders. Values of p ≤ 5% from two-sided tests were considered to indicate significant differences. Analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC, USA).
Results
Participants' characteristics
The participants were overweight to slightly obese moderately insulin resistant and near-normoglycaemic. Women had higher BMI, fasting NEFA and hsCRP values, while men had a higher fat-free mass (FFM), REE and V : O 2max (Table 1 ). The allelic and genotyping frequencies of tested SNPs are provided in ESM Table 1 . Multiple regression analysis for determinants of insulin sensitivity ΔRQ and V : O 2max were associated with insulin sensitivity across the whole group when adjusted for sex (ΔRQ: Table 3 ). However, further adjusting for NEFA abolished the correlations of ΔRQ and V : O 2max with M values in the subcohort of 78 participants for whom NEFA concentrations were available (ESM Table 3 , Models 8 and 9).
Discussion
This study found independent associations of ΔRQ and V : O 2max with insulin sensitivity in metabolically well-controlled individuals with recent-onset type 2 diabetes. However ΔRQ and V : O 2max did not correlate with each other, suggesting that they may reflect distinct metabolic features.
The correlation between ΔRQ and insulin sensitivity extends previous findings in longstanding type 2 diabetes to individuals with a short known disease duration [4] . Furthermore ΔRQ related positively, whereas fasting RQ related negatively, to serum NEFA, reflecting higher fasting lipid oxidation. Lipid elevation can give rise to diacylglycerols, which contribute to insulin resistance [1] . However, NEFA concentrations vary substantially in obese and T2D patients and may be higher during short-term fasting even in insulin-sensitive humans [7] . Nevertheless, NEFA elevation during lipid infusion or prolonged fasting leads to insulin resistance with a subsequent reduction in muscle oxidative capacity [8] . Prolonged fasting identifies abnormal muscle mitochondrial function as a consequence rather than a cause of human insulin resistance [9] . Finally, metabolic flexibility might also reflect insulin-mediated suppression of NEFA and thereby the insulin sensitivity of adipose tissue [5] . ΔRQ also correlated negatively with FLI but not with hsCRP.
In overweight non-obese individuals the association of V : O 2max with insulin sensitivity has been explained mainly by intrahepatic lipid content [10] . The present study found a similar association in people with recently diagnosed type 2 diabetes but detected no link with hepatic steatosis. According to recent hypotheses, diminished muscle mitochondrial function and/or adipose tissue inflammation could lead to increased metabolite flux to the liver and decreased lipid oxidation, and thereby promote steatosis and insulin resistance [5] . This study found no association of V : O 2max with fasting lipid oxidation, but an inverse correlation with hsCRP, suggesting that a role of inflammatory pathways in insulin sensitivity is already present in individuals with newly diagnosed type 2 diabetes.
Although hyperglycaemia may contribute to the development of insulin resistance and oxidative stress interfering with mitochondrial function this study failed to detect any association of insulin sensitivity and variables of mitochondrial function with glucometabolic control. This is likely to be due to the good metabolic control and short duration of diabetes.
Of the tested genes known to affect energy metabolism, only the presence of the A allele in the rs9939609 SNP in ) (n = 136) 9.4 (7.6,11.9) 10.8 ( O 2max related to whole-body weight and ΔRQ among participants with type 2 diabetes the FTO gene was associated with a lower V : O 2max , although this disappeared after Bonferroni correction. This gene has been shown to link obesity with an increased risk of type 2 diabetes [11] . Although the sample size may be too small to draw valid conclusions, these data do not support a central role of genetic regulation of the interaction between energy metabolism and insulin sensitivity.
Of note, V : O 2max and ΔRQ correlated with insulin sensitivity even after adjusting for various variables in our multiple regression analysis models. Thus, impaired V : O 2max and ΔRQ are likely to be early abnormalities in the course of diabetes contributing to the progression of insulin resistance and hepatic steatosis. It should be noted that adjusting for circulating NEFA abolished the association of V : O 2max and ΔRQ with insulin sensitivity, underlining the superior importance of lipidaemia in insulin resistance. Although the only-marginal associations of V : O 2max and ΔRQ with M value in women may suggest a sex-specific difference, NEFA elevation has comparable effects on insulin resistance and muscle energy metabolism in both men and women [1] . Thus, the observed differences in the associations could also be due to the lower statistical power of the analyses of the female study population (n = 43).
The strengths of this study are the simultaneous analyses of clinical measures of mitochondrial function combined with the gold standard method for assessing insulin sensitivity in well-phenotyped individuals with type 2 diabetes. This study however, also has limitations. First, V : O 2max depends not only on mitochondrial function, but also on oxygen supply as determined by cardiorespiratory fitness. Second, ΔRQ is influenced by fasting glycaemia and specifically by NEFA concentrations, which exhibit individual variation during the clamp procedure. In an attempt to overcome these limitations, the associations of V : O 2max and ΔRQ with insulin sensitivity were also examined after multiple adjustments.
Conclusions
In near-normoglycaemic individuals with recently diagnosed type 2 diabetes V : O 2max and ΔRQ independently associate with insulin sensitivity. As only adjustment for circulating NEFA abolished these associations, lipotoxic mechanisms could contribute to the impairment of metabolic plasticity and maximal oxidative capacity that occurs early in the course of type 2 diabetes.
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